Introduction {#s0001}
============

Influenza pandemics occur on an average of 3 or 4 times per century, spread rapidly and affect entire continents or the whole world resulting in significant morbidity and high mortality in all population groups.[@cit0001] Highly pathogenic avian influenza viruses (HPAIV) may lead to a pandemic if they overcome the species barrier and developed the ability to be transmitted among humans. Even though no steady transmissions of HPAIV from person to person have been recorded to this point, new genetic variations could likely enable these viruses to propagate efficiently in the human population. Due to this threat, a number of subtype A pre-pandemic vaccines have already been developed (H5, H7, H2), and some of them have already passed clinical testing.[@cit0002] Unfortunately, most of the H5 vaccines induced poor serum antibody responses when compared to seasonal influenza vaccines.[@cit0007] Therefore, novel vaccination approaches have been sought,[@cit0004] one of the most promising ones is a "prime-boost" strategy, which could result in the induction of prompt and robust immune responses to a booster influenza vaccine following priming with homologous or heterologous vaccine strains[@cit0008]

Recently the World Health Organization (WHO) has recognized the advantages of using live attenuated influenza vaccine (LAIV) over inactivated vaccine (IIV) if a pandemic breaks out.[@cit0001] These advantages include: high culture yield, easier down-stream processing, faster quality control release, needle-free administration, and cross-reactivity of the induced immune responses.[@cit0013] In addition, LAIVs induce mucosal immunity in the upper respiratory tract, which may contribute to limiting virus replication and spread.[@cit0021] which could potentially result in herd immunity [@cit0019]

Talaat et al. and Babu at al. recently reported studies in which inactivated influenza vaccines were administered to subjects previously primed with MedImmune\'s LAIVs.[@cit0023] While these LAIV recipients showed poor immune response to the initial vaccination, the responses were significantly boosted by A(H5N1) and A(H7N7) inactivated influenza vaccines administered 52 to 56 months later, even though the boosting doses used were suboptimal. These findings were evident as early as 7 days post-IIV.

In a previous study we evaluated an A(H5N2) LAIV candidate developed by the Institute of Experimental Medicine, St Petersburg, Russia.[@cit0025] Two intranasal doses of the vaccine or placebo were administered intranasally 4 weeks apart to 29 and 10 subjects, respectively (September - October 2012). The vaccine was well tolerated and not associated with any clinically significant events. The rates of serologic and mucosal antibody responses were encouraging and supported further exploration of the immunologic profile elicited by vaccination with A(H5N2) LAIV, in particularly, with respect to the induction of long term memory. With that in mind we invited all reachable participants from the original study and an additional group of 24 naïve subjects to receive 2 doses of licensed inactivated A(H5N1) vaccine in order to investigate if the A(H5N2) LAIV candidate resulted in efficient long-lasting priming of the immune system. The study differed in a number of ways from the one described by Talaat et al.:[@cit0023] 1) the LAIV had a different attenuated backbone, 2) a shorter time interval elapsed between prime and boost vaccinations (1.5 versus 5 years), 3) 2 lower dose vaccinations of adjuvanted IIV were employed, and 4) additional immunological assays were applied to study mechanisms underlying immune responses to primary immunization with LAIV

Materials and Methods {#s0002}
=====================

Vaccine {#s0002-0001}
-------

The IIV used in this study was OrniFlu® prepared from the NIBRG-23 vaccine virus strain. One vaccine dose (0.5 ml) contained 15 µg of influenza A(H5N1) virus hemagglutinin (HA), adjuvanted with aluminum hydroxide. Two doses of the vaccine were administered intramuscularly 28 days apart to all study subjects

Study design and study subjects {#s0002-0002}
-------------------------------

The study was an open-label trial and evaluated the immunogenicity of the A(H5N1) IIV in healthy adult subjects who received 2 doses of A(H5N2) LAIV or placebo 28 days apart in a previous double blind placebo-controlled study conducted at the Institute of Influenza in September and October 2012, as well as additional naïve subjects who did not participate in the previous study

The study was approved by the Ministry of Health and Social Development of the Russian Federation (Moscow, Russia), the Research Institute of Influenza Ethics Committee (St. Petersburg, Russia.), and Western IRB (on behalf of PATH, USA). It was conducted in compliance with the Declaration of Helsinki. The clinical trial was registered on <http://www.clinicaltrials.gov/> under the identifier NCT02153671

A total of 19 subjects who received 2 doses of A(H5N2) LAIV (primed group) were recruited to participate in the prime-boost study 1.5 years later. An additional group of 24 naïve subjects (control group), including 5 who received placebo in the original study were recruited and immunized with 2 doses of the A(H5N1) IIV. Inclusion/exclusion criteria for the additional group of naïve volunteers mirrored those utilized in the initial study.[@cit0025]

All subjects were consented for participation and screened for eligibility through medical history review and physical examination. They were tested for serologic evidence of chronic viral infection with human immunodeficiency virus (HIV), hepatitis B virus (HBV), or hepatitis C virus (HCV) and underwent clinical chemistry and hematology laboratory examination. Female participants underwent urine test for pregnancy. Fully eligible subjects received 2 doses of the inactivated subunit adsorbed influenza vaccine 28 days apart via intramuscular route. Collection of serum, urine, and PBMC samples for safety monitoring and immunological testing took place at days 0, 7, 28, and 56. Subjects were asked to closely watch for and report any adverse events occurring the first 6 days after immunization, and followed for any reactions and adverse events occurring within 7 and 28 days after each vaccination

Assessment of serum antibody immune responses {#s0002-0003}
---------------------------------------------

Immune responses to the A(H5N1) IIV were primarily assessed by hemagglutination inhibition (HAI), microneutralization (MN) assays, immunoglobulin A (IgA) and immunoglobulin G (IgG) antibodies in serum samples collected prior to vaccination and on Days 7 and 28 after the first dose, and at day 28 after the second (referred as Day 56 hereafter). The following H5 antigens were tested to evaluate the breadth of the response: i) A/17/turkey/Turkey/05/133 (H5N2) (17/t/Tur (H5N2)); ii) A/turkey/Turkey/5/05(H5N1) PR8-based candidate vaccine virus (NIBRG-23 (H5N1)); iii) A/Indonesia/5/2005 (H5N1) PR8-based candidate vaccine virus (Indo (H5N1)); and iv) A/17/duck/Potsdam/86/92 (H5N2) (d/Pot (H5N2)).

HAI tests were performed on serum samples with the conventional WHO-recommended assays.[@cit0026] Sera were pretreated with receptor destroying enzyme (RDE, Denka Seiken, Japan) and tested against 4 HA units of several H5 antigens using horse red blood cells. A four-fold or greater antibody rise in titer was considered to be a seroconversion.[@cit0026]

Serum specimens were tested for neutralizing antibodies against 17/t/Tur (H5N2) and Indo (H5N1) viruses by MN using Madin--Darby Canine Kidney cells as described in Rowe et al..[@cit0027] Titers of neutralizing antibodies were expressed as reciprocal of the greatest dilution giving a neutralization of 50% on the cytopathic effects of the virus in the tissue culture (TCID~50~).

Detection of anti-HA IgA and IgG antibodies was carried out by indirect enzyme-linked immunosorbent assay (ELISA) according to the procedure described earlier.[@cit0028] Briefly, 16 HA units of sucrose-purified virus antigen was used to coat ELISA plates in a volume of 100 µl. Two-fold dilutions of sera were prepared starting from 1:10 (for IgA antibody) and 1:100 (for IgG antibody) and added to the coated wells, followed by incubation with the horseradish peroxidase-conjugated goat anti-human IgA or IgG. Antibody titer was defined as the last dilution with optical density (OD) values at least twice exceeding mean values of OD measured in control wells. A post-vaccination increase of antibody titers 4-fold and higher as compared with baseline values was considered a seroconversion.

Avidity of anti-influenza serum IgA and IgG antibody {#s0002-0004}
----------------------------------------------------

An avidity analysis of serum IgA and IgG antibodies was performed as described in.[@cit0029] with some modifications as follows: serum samples (diluted 1:100 for IgG and 1:10 for IgA antibody analysis) were incubated on the antigen coated plated in triplicates, treated with urea (5 mol/L for 5 minutes for IgA and 8 mol/L for 10 minutes for IgG antibody) at room temperature before washing and followed by incubation with the horseradish peroxidase-conjugated goat anti-human IgA or IgG. The avidity index (AI) was defined as the ratio of the mean optical density at 450 nm (OD~450~) with urea to that without urea × 100. A ≥15% increase in the AI value was considered significant.

Determination of IgA and IgG antibodies in lymphocyte supernatants (ALS)
------------------------------------------------------------------------

This was performed in accordance with the procedure described by He et al. for quantifying plasmablast-derived polyclonal antibody with some modifications.[@cit0030] Briefly, peripheral blood mononuclear cells (PBMCs) were isolated from blood specimens collected from study participants by conventional method at Days 0, 7, 28, and 56 of the study. The isolated cells were incubated over 4 days at 37°C in a 5% CO~2~ atmosphere and supernatants were collected by low-speed centrifugation. The supernatant samples were stored at −20°C until analysis by IgA and IgG ELISA as described above with the exception that the undiluted samples were used to prepare 2-fold dilutions.

Quantification of IFN--γ producing CD8+ memory T--cells
-------------------------------------------------------

This was performed by flow cytometry. PBMCs were isolated on gradient, washed, and stored in liquid nitrogen until the analysis. Analysis of virus specific T cells was performed by conventional intracellular cytokine (IFN-γ) staining after *in vitro* stimulation of cells at a 12 MOI (multiplicity of infection) dose of purified vaccine virus as described in Rudenko et al..[@cit0028]

Statistical Analyses {#s0003}
====================

Statistical analysis of the data was performed by Statistica 6 and GraphPad Prizm 5 software using the Wilcoxon Matched Pairs Test, Mann Whitney U-test, Friedman ANOVA, and Fisher exact test (2--tailed). The study included 19 primed and 24 control subjects, which allowed detecting significant differences between the 2 groups by nonparametric analyses with statistical power of 99.9%.[@cit0031]

Results {#s0004}
=======

[**Figure 1**](#f0001){ref-type="fig"} summarizes the design of the prime-boost study. Of the 29 volunteers who received 2 doses of the A(H5N2) LAIV in 2012, only 19 subjects were available for the enrollment. All of them were screened and found to be eligible. In addition, 24 H5 naïve volunteers were enrolled in this study as a control group, including 5 subjects from the placebo group of the 2012 study. The enrollment process, the number of eligible participants and the reasons for the exclusion from the study are shown on [**Figure 1**](#f0001){ref-type="fig"}. Demographic characteristics of the enrolled subjects are given in [**Table 1**](#t0001){ref-type="table"}. Figure 1.Study flow chart. Table 1.Demographic characteristics of subjects enrolled in the prime-boost study  Age (years)  GroupNMeanVariationsRaceGenderControl (naive)2430.320 -- 48White: 24 (100%)Males -- 12 (50.0%)\
Females -- 12 (50.0%)Primed with A(H5N2) LAIV1930.820 -- 51White: 19 (100%)Males -- 12 (63.2%)\
Females -- 7 (36.8%)Total4330.520 -- 51White: 43 (100%)Males -- 24 (55.8%)\
Females -- 19 (44.1%)

Safety {#s0005}
======

The A(H5N1) IIV was well tolerated by both study groups, suggesting that previous exposure to the A(H5N2) LAIV did not increase reactogenicity of the A(H5N1) IIV given intramuscularly 1.5 years later. The detailed summary on adverse reactions detected during the study can be found in supplementary material.

Immune Status of Volunteers Prior to Vaccination {#s0006}
================================================

Since the majority of these volunteers had immune responses detected in one or more immunological assays after 2 doses of the A(H5N2) LAIV,[@cit0025] we had an opportunity to estimate the longevity of these responses. HAI and serum IgA antibody titers decreased over the 1.5 years in the primed subjects and exhibited no significant differences with the control group at baseline ([**Fig. 2**](#f0002){ref-type="fig"}). On the other hand, MN and serum IgG antibody levels were significantly higher in individuals primed with A(H5N2) LAIV in 2012 as compared to control (naïve) subjects (*p* = 0.0009 for MN and *p* = 0.0411 for IgG antibody). Interestingly, the MN antibodies remained at the same levels as were detected 4 weeks after the second dose of LAIV 1.5 years earlier. Figure 2.Serum antibody titers to A/17/turkey/Turkey/05/133 (H5N2) in volunteers before vaccination with A(H5N1) IIV (Day 0). *Dots*-- individual data of volunteers vaccinated with H5N2 LAIV in 2012 (n=19), and non-vaccinated with LAIV in 2012 (n = 24); *lines*-- Ab GMTs.P values were calculated using GraphPad Prism 5 software by Mann Whitney U test.[@cit0025]

Serum Antibody Responses After One And Two Doses of A(H5N1) IIV {#s0007}
===============================================================

The primary outcome of the study was to establish differences between the LAIV-primed and control groups in term of serum antibody immune responses. The most striking difference between the 2 groups was observed when analyzing the kinetics of HAI and MN antibody titers detected at Days 7, 28 and 56 ([**Table 2**](#t0002){ref-type="table"}). A significant increase of MN geometric mean titers (GMT) was observed in the LAIV-primed group already at Day 7 after the first A(H5N1) IIV dose; MN antibody against homologous and heterologous H5 antigens reached GMTs of 1:138 and 1:67 at this time point, respectively. In contrast, LAIV-naïve subjects did not develop high titers of MN antibody by Day 7 after the first boost dose, the GMT was 1:21. Although the GMTs for HAI antibody at Day 7 were not significantly different between the 2 groups, a sharp increase of the HAI titers was observed in the LAIV-primed group at Day 28, achieving a GMT of 1:43. High HAI titers were detected when heterologous H5 viruses of different clades (clade 2.1 and clade 0) were used as antigen, while only a slight increase was noted in LAIV-naïve subjects (GMT level not exceeding 1:9). Similarly to HAI, the MN antibody titers in the LAIV-primed group continued to rise over the next 3 weeks and by Day 28 achieved values of 1:413 and 1:166 against homologous and heterologous antigens, respectively. The GMTs of HAI and MN antibodies in the LAIV-primed group were significantly higher than that observed for the control group at Day 28 after the first boost dose ([**Table 2**](#t0002){ref-type="table"}**; Table S3**). The second IIV dose further increased the HAI antibody titers in the LAIV-primed group with GMT levels reaching values of 1:36 to 1:62 with various H5 antigens tested. In contrast, the second IIV dose did not increase MN antibody titers in the LAIV-primed subjects when homologous virus was used as antigen., whereas MN GMT against heterologous H5 antigen continued to rise, approaching a value of 1:240 by Day 56. Importantly, the A(H5N2) LAIV-naïve subjects had poor HAI responses and GMT levels did not exceed 1:12 after 2 doses of A(H5N1) IIV, however their MN titers against both homologous and heterologous H5 antigens significantly increased by Day 56, far overreaching seroprotective levels ([**Table 2**](#t0002){ref-type="table"}). Table 2.Serum antibody (Ab) responses on days 7, 28 and 56 following administration of A(H5N1) inactivated influenza vaccine (IIV)    Day 7 Day 28 Day 56[^\*^](#t2fn0002){ref-type="fn"}    n (%) with ≥1:40 Ab titer[^2^](#t2fn0004){ref-type="fn"}Subjects with\
≥4-fold Ab rise n (%) with ≥1:40 Ab titerSubjects with ≥4-fold Ab rise n (%) with ≥1:40 Ab titerSubjects with\
≥4-fold Ab riseTest antigenStudy groupnGMT[^1^](#t2fn0003){ref-type="fn"} n (%)[^2^](#t2fn0004){ref-type="fn"}GMT[^1^](#t2fn0003){ref-type="fn"}GMT n (%)GMTGMT n (%)GMTHemagglutination inhibition assay17/t/Tur (H5N2)Primed196.04 (21.1)5 (26.3)69.6**43.011 (57.9)13 (68.4)**160.0**62.012 (63.2)15 (78.9)145.9** Control243.11 (4.2)2 (8.3)28.35.83 (12.5)6 (25.0)50.47.75 (20.8)10 (41.7)32.5NIBRG-23 (H5N1)Primed197.55 (26.3)5 (26.3)139.3**32.111 (57.9)**11 (57.9)**205.944.614 (73.7)**14 (73.7)**124.9** Control243.11 (4.2)2 (8.3)28.35.93 (12.5)7 (29.2)44.29.27 (29.2)12 (50.0)33.6Indo (H5N1)Primed196.52 (10.5)**8 (42.1)**23.8**35.912 (63.2)**12 (63.2)**169.549.814 (73.7)**15 (78.9)**110.6** Control243.42 (8.3)2 (8.3)40.08.74 (16.7)10 (41.7)35.311.99 (37.5)13 (54.2)44.5d/Pot (H5N2)Primed19**7.2**5 (26.3)7 (36.8)36.2**32.111 (57.9)14 (73.7)**80.0**35.914 (73.7)**14 (73.7)92.8 Control243.11 (4.2)3 (12.5)15.95.94 (16.7)7 (29.2)48.89.28 (33.3)10 (41.7)56.6Microneutralization assay17/t/Tur (H5N2)Primed19**138.315 (78.9)**12 (63.2)**380.5413.119 (100)**18 (94.7)**470.3370.3**19 (100)18 (94.7)**387.9** Control2420.67 (29.2)11 (45.8)58.449.014 (58.3)18 (75.0)80.0142.522 (91.7)23 (95.8)155.3Indo (H5N1)Primed19**66.712 (63.2)**11 (57.9)**219.3165.917 (89.5)**18 (94.7)**194.0239.0**19 (100)19 (100)**239.0** Control2415.96 (25.0)11 (45.8)48.331.311 (45.8)16 (66.7)61.773.421 (87.5)23 (95.8)80.0[^1][^2][^3][^4]

Seroprotective titers of HAI antibody (≥1:40) were detected in LAIV-primed individuals at much higher frequencies than in naïve subjects at Days 28 and 56 of the study for all antigens tested ([**Table 2**](#t0002){ref-type="table"}). An even more pronounced effect was observed in the MN assay, with the majority of the primed individuals achieving seroprotective titers at 7 days after the first dose of A(H5N1) IIV. All 19 LAIV-primed volunteers had MN titers ≥1:40 by Day 28 after one dose of IIV, whereas only 14 of 24 subjects from the naïve control group developed similar immune responses at this time point.

Less pronounced differences between the 2 study groups were observed when analyzing HAI and MN seroconversion levels (≥4-fold increases in antibody titers). The only significant difference between the 2 groups at Day 7 was detected by HAI assay using Indo (H5N1) virus as an antigen, where over 42% of LAIV-primed volunteers seroconverted as compared to 8.3% responders in the control group. By Day 28 after the first booster dose, significantly higher seroconversion rates were observed for the primed subjects in HAI assays with homologous and heterologous H5 antigens ([**Table 2**](#t0002){ref-type="table"}). The second booster dose increased seroconversion rates for both groups and significant differences between them were seen only in HAI assay with homologous antigen. Despite the relatively high proportions of naïve subjects with HAI and MN antibody seroconversion upon IIV vaccination, the GMT levels of the responders (subjects with ≥4-fold antibody rises) were much lower than that of the LAIV-primed individuals ([**Table 2**](#t0002){ref-type="table"}). These data further indicate that priming with A(H5N2) LAIV resulted in a more vigorous antibody response to subsequent vaccination with A(H5N1) IIV. Similar results were observed by testing serum IgA and IgG antibodies in ELISA using the 2 different vaccine antigens to coat the ELISA plates, A(H5N2) and A(H5N1) ([**Table 3**](#t0003){ref-type="table"}). Consistent with the HAI and MN results, the IgA and IgG GMTs were much higher in the primed volunteers as compared to the control group for both antigens at all studied time points. In addition, ELISA also demonstrated that the second booster dose did not increase the immune response in the LAIV-primed group (in fact, antibody titers in most of the volunteers decreased by Day 56). Table 3.Serum IgA and IgG immune responses in A(H5N2) LAIV-primed and control volunteers immunized with A(H5N1) IIV at indicated time points    GMT, log~2~±SD[^1^](#t3fn0002){ref-type="fn"}Subjects with ≥4-fold Ab rise, n (%)[^2^](#t3fn0003){ref-type="fn"}AssayTest antigenStudy groupnDay 0Day 7Day 28Day 56Day 7Day 28Day 56Serum IgA ELISA17/t/Tur (H5N2)Primed194.5 ± 1.4**6.2 ± 1.96.8 ± 1.56.7 ± 1.4**9 (47.4)13 (68.4)13 (68.4)  Control244.0 ± 1.75.0 ± 1.45.3 ± 1.55.2 ± 1.78 (33.3)9 (37.5)9 (37.5) NIBRG-23 (H5N1)Primed192.5 ± 0.8**5.3 ± 2.45.6 ± 2.3**5.6 ± 1.915 (78.9)**15 (78.9)**15 (78.9)  Control242.5 ± 1.24.1 ± 1.53.9 ± 2.14.2 ± 2.112 (50.0)11 (45.8)13 (54.2)Serum IgG ELISA17/t/Tur (H5N2)Primed19**9.7 ± 0.9**10.4 ± 1.1**11.2 ± 1.111.3 ± 0.9**3 (15.8)9 (47.4)10 (52.6)  Control249.0 ± 1.19.7 ± 1.210.2 ± 1.310.6 ± 1.04 (16.7)7 (29.2)10 (41.7) NIBRG-23 (H5N1)Primed19**8.3 ± 1.19.5 ± 1.110.5 ± 1.110.3 ± 0.9**5 (26.3)11 (57.9)11 (57.9)  Control247.3 ± 1.38.1 ± 1.38.8 ± 1.39.2 ± 1.36 (25.0)11 (45.8)15 (62.5)[^5][^6][^7]

Avidity of Anti-Influenza ELISA IgA and IgG Antibody {#s0008}
====================================================

We determined avidity indexes of serum IgA and IgG antibodies in subjects with 4-fold or greater increases in the antibody titers after vaccination. [**Table 4**](#t0004){ref-type="table"} summarizes the proportion of subjects with ≥15% increases of the IgA and IgG avidity indexes (AI) following one dose of IIV at days 0, 7, and 28. AI increases for both IgA and IgG antibodies were detected at higher frequencies in LAIV-primed subjects as compared to the control group, although statistical significance was recorded only for the difference in AI conversions of influenza A(H5N1)-specific IgA antibody ([**Table 4**](#t0004){ref-type="table"}). The mean values of the AI at Day 28 were also statistically significantly higher in the primed group. Table 4.Avidity of serum IgA and IgG antibodies in A(H5N2) LAIV-primed and control subjects immunized with one dose of A(H5N1) IIV at indicated time points    n (%) of subjects with ≥15% increase of AI[^2^](#t4fn0003){ref-type="fn"}Mean AITest antigenAbGroupn[^1^](#t4fn0002){ref-type="fn"}Day 7Day 28Day 0Day 7Day 2817/t/Tur (H5N2)IgAPrimed146 (42.9)5 (35.7)75.6 ± 14.687.7 ± 9.387.2 ± 8.6  Control92 (22.2)1 (11.1)75.2 ± 8.681.5 ± 10.385.1 ± 7.8 IgGPrimed115 (45.5)6 (54.5)81.6 ± 11.890.7 ± 5.7**92.3 ± 6.4**  Control111 (9.1)1 (9.1)83.4 ± 9.786.0 ± 12.084.2 ± 10.5NIBRG-23 (H5N1)IgAPrimed179 (52.9)**7 (41.2)**72.7 ± 7.586.4 ± 12.6**84.9 ± 8.8**  Control163 (18.8)0 (0.0)77.4 ± 6.483.3 ± 8.177.9 ± 8.3 IgGPrimed112 (18.2)6 (54.5)76.2 ± 4.986.2 ± 10.6**90.6 ± 14.2**  Control170 (0.0)3 (17.6)78.3 ± 8.278.0 ± 9.177.9 ± 15.8[^8][^9][^10][^11]

Detection of IgA and IgG ALS {#s0009}
============================

To more accurately evaluate B cell-mediated immune responses to the booster vaccination of LAIV-primed or naïve individuals, we cultured PBMCs from immunized volunteers at all studied time points and examined the supernatants by ELISA. This method allows detection of antibody secreted by activated B-cells without interference with pre-existing cross-reactive serum antibodies. The levels of IgA and IgG ALS specific to A(H5N2) LAIV priming virus and to the influenza A(H5N1) virus contained in the booster vaccine are shown in [**Figure 3**](#f0003){ref-type="fig"}. Regardless of the H5 antigen tested, the peak of IgA antibody secretion by PBMC cultures of LAIV-primed individuals was observed at Day 7 after a single dose of subunit A(H5N1) vaccine, with 42.1% of the subjects having 4-fold or greater increases in antibody titers compared to baseline levels ([**Fig. 2**](#f0002){ref-type="fig"}). By Day 28, the IgA ALS titers significantly decreased and were not boosted by an additional dose of the A(H5N1) IIV (Day 56). Naïve individuals did not have a significant increase in the overall IgA ALS titers at any time point and only 3 out of 24 subjects seroconverted in this assay. Figure 3.Antibody titers in supernatants of PBMC cultures (ALS) in LAIV-primed (*n = 19*) and control (*n = 24*) volunteers at indicated study days after boost immunization with A(H5N1) IIV. (**A**) NIBRG-23 (H5N1) virus was used as antigen. (**B**) A/17/turkey/Turkey/05/133 (H5N2) virus was used as antigen. *lines*-- geometric mean titers of antibodies. P values were calculated from log~2~-transformed titers using GraphPad Prism 5 software by Mann Whitney U test.

Surprisingly, a different pattern was observed while testing the dynamics of IgG secretion by PBMC cultures of vaccinated volunteers from both the LAIV-primed and naïve groups. The IgG titers increased over time for both treatment groups with over 80% seroconversion rates, although the GMTs were 3 to 5 times higher in the primed group as compared to the control group ([**Fig. 3**](#f0003){ref-type="fig"}). These data suggest prolonged circulation in peripheral blood of virus-specific IgG antibody secreting cells (ASC) after vaccination with the adjuvanted A(H5N1) IIV used in our study. Notably, the baseline levels of IgG ALS were significantly higher in the group of volunteers primed with A(H5N2) LAIV as compared to the naïve group, which was in concordance with the data obtained for serum MN and IgG antibody titers at Day 0 of the study ([**Fig. 2**](#f0002){ref-type="fig"}).

Induction of IFN--γ producing CD8+ memory T--cells {#s0010}
==================================================

We also studied the T-cell immune response to A(H5N1) IIV, which included detecting virus-specific CD8^+^ T-lymphocytes of central (Tcm) and effector (Tem) immunological memory in peripheral blood. [**Table 5**](#t0005){ref-type="table"} presents data on post-vaccination significant increases of CD8^+^ Tcm and CD8^+^ Tem at all of the time points studied. In both groups, a relatively low level of such cells was revealed (8 to 17%) and differences between them were considered insignificant. Table 5.CD8+ T-cell immune response in A(H5N2) LAIV-primed and control subjects immunized with A(H5N1) IIV at indicated time points  N (%) of subjects with significant increase of T-cells[^\*^](#t5fn0001){ref-type="fn"}  CD8^+^TcmCD8^+^TemGroupNumber personsDay 7Day 28Day 56Day 7Day 28Day 56Primed193 (16)3 (16)3 (16)2 (10)3 (16)2 (10)Control242 (8)4 (17)4 (17)3 (12)4 (17)4 (17)[^12]

Altogether, our study demonstrated that priming with A(H5N2) LAIV induced a long-lasting B-cell immunological memory in humans against influenza A(H5N1) virus, which was brought on by more prompt and vigorous antibody production to a single dose of A(H5N1) IIV given 1.5 years later.

Discussion {#s0011}
==========

This study was designed to evaluate the ability of 2 doses of A(H5N2) LAIV to prime for prompt and vigorous antibody immune response to a single dose of suboptimal dose of A(H5N1) IIV given 1.5 years later. In addition, a possible effect of the second IIV dose was evaluated. Analysis of serum antibody responses after boosting showed striking differences between the LAIV-primed and the control study groups. Thus, a single dose of A(H5N1) IIV induced robust immune responses in LAIV-primed subjects as early as 7 days after immunization, whereas 2 doses of A(H5N1) IIV were required for naïve volunteers to develop significant immune responses. This difference was more notable when analyzing serum antibody GMTs than seroconversion rates. The majority of the primed volunteers developed seroprotective levels of MN antibody (≥1:40) by Day 7 after IIV administration and by Day 28 all of the subjects had achieved such titers. In addition, the serum antibodies found in the previously primed subjects were characterized by higher avidity indexes than that of the naïve subjects. This was in concordance with a recent study by Talaat et al., which demonstrated that 2 doses of A(H5N1) pandemic LAIV, even in the absence of a primary antibody response, induced a long-lasting immune response, which was unmasked by administration of one dose of subvirion IIV 5 years later.[@cit0023] These findings support a novel vaccine schedule that would apply different types of vaccines in prime-boost combinations to adequately prepare for the pandemic.[@cit0005]

The time interval of 1.5 years can be considered as one possible scenario when population is immunized with fully characterized and clinically tested LAIV candidate once a pandemic is suspected, and then boosted with relevant pandemic vaccine, either live or inactivated, 1-1.5 years later during the second pandemic wave. However, additional studies of the shorter time intervals between prime and boost are required to find the most suitable schedule to protect as many people during the first pandemic wave as possible.

In addition to LAIVs, H5 subtype oil-in-water adjuvanted IIVs have been shown to prime immune system for a prompt, robust and long-lasting antibody immune response to a single dose of IIV given up to 6 years later.[@cit0007] Therefore, the availability of different vaccine modalities with demonstrated good priming effect will allow better vaccination coverage during pandemic, and will largely determine the outcome of the first pandemic waves. Nevertheless, since LAIVs are cheaper and quicker to make and easier to administer (by intranasal spray) than IIV, this vaccine modality might be a preferential platform to use in an emergency situation, such as the first wave of a pandemic. Subsequently, the immune memory response can be boosted with a low dose of IIV prepared from a matched pandemic strain, which will be more cost-effective than the use of 2-dose IIV vaccination regimen recommended so far. Importantly, here in our study, the use of LAIV alone or in combination with IIV was proved to be safe, with no serious adverse events attributable to vaccination recorded during the studies.

Cross-reactivity of the induced HAI and MN antibodies in our study was assessed against clade 0 (d/Pot (H5N2)) and clade 2.1 (Indo (H5N1)) influenza viruses. In contrast to the study by Talaat et al.,[@cit0023] the HAI and MN antibodies detected in the control group cross-reacted well with the 2 heterologous viruses. This could be due to the better immunogenicity of the adjuvanted A(H5N1) inactivated vaccine used in our study,[@cit0034] which is supported by the greater percentage of seroconversions detected after 1 and 2 doses of the OrniFlu^®^, compared to the unadjuvanted subvirion influenza A(H5N1) vaccine used by Talaat et al..[@cit0023] However the GMTs, seroconversion and seroprotection rates were significantly lower in the control group compared to the LAIV-primed cohort. Altogether, the data presented in this study evidence that A(H5N2) LAIV induced good quality B-cell memory immune responses, which resulted in fast, strong, and cross-reactive antibody immune responses to a single dose of IIV administered 1.5 years later. Importantly, the OrniFlu^®^ vaccine consisted of only 15 µg of influenza A(H5N1) virus HA, in contrast with the 45 µg of subvirion influenza vaccine studied by Talaat et al.[@cit0023] Surprisingly, administration of the second IIV dose to the LAIV-primed individuals had no benefit over the initial dose, suggesting that a single dose of a booster vaccine may be enough to provide protection on LAIV-primed individuals in the event of a pandemic.

A recent report in which the immune response to a trivalent IIV was examined on a subset of B-cells isolated from culture PBMC suggested that B-cell antibody secretion *in vitro* (referred to as plasmablast-derived polyclonal antibody or PPAb,) better represents the vaccine-induced B cell repertoire than serum antibodies which are primarily produced by bone marrow B cells, in part due to the exclusion of interfering effect from pre-existing antibodies.[@cit0030] We performed IgA and IgG ELISA in supernatants of cultured PBMCs (ALS assay) in a format that has been successfully used to study IgA responses after immunization and natural infection with bacterial pathogens.[@cit0035] The results for IgA ALS in A(H5N2) LAIV-primed subjects boosted with A(H5N1) IIV exhibited similar dynamic changes to the IgA PPAb in the volunteers immunized with seasonal IIV noted above. The antibody peaked on Day 7 after IIV immunization and then significantly decreased by Day 28.[@cit0030] In contrast, IgG ALS titers in both LAIV-primed and naïve groups increased over time, suggesting the continuous circulation of influenza A(H5N1)-specific antibody secreting B cells after administration of A(H5N1) IIV. Several reasons may explain the difference in the IgG response between our study and the report by He et al,[@cit0030] 1) the use of adjuvant, 2) we tested for influenza H5 virus-specific IgG antibody in PBMC supernatants instead of total IgG, 3) we assayed cultures of unfractionated PBMCs, whereas He et al. used PPAbs collected from *ex vivo* B-cell cultures, and 4) the PPAb response studies were performed on recipients of seasonal influenza vaccines, and therefore most of them must have been previously primed either by infection or vaccination.)[@cit0037] Although we did not measure ALS responses in our initial A(H5N2) LAIV study and made no comparisons between influenza H5 subtype LAIV and IIV, a recent study of the induction of PPAbs by seasonal trivalent LAIV and IIV suggested that IIV was a better inducer of the PPAb.[@cit0039]

We also evaluated the T-cell immune response after boosting primed and naïve individuals, including the detection of virus-specific CD8^+^ T-lymphocytes of central (Tcm) and effector (Tem) memory in PBMCs. At Day 0, levels of T-lymphocyte CD8^+^ Tcm and CD8^+^ Tem specific to influenza A(H5N1) virus appeared to be higher in prior recipients of A(H5N2) LAIV as compared to naïve subjects (data not shown), however, prior priming did not increase the number of significant conversions of T-cell memory CD8^+^ in response to A(H5N1) IIV. This phenomenon can be explained in at least 2 ways. Either IIV might be a poor inducer of T-cell memory or this process was influenced by higher baseline levels. Analysis showed that baseline T-cell concentrations (%) and the strength of the post-vaccination T-cell immune response revealed a strong negative correlation (−0.71 to −0.84 Spearmen coefficient, data not shown), which was in concordance with our previous studies.[@cit0015] Altogether, the analysis did not reveal any significant impact of previous exposure to LAIV on IIV-immunized subjects on T-cell memory, although the initial immunization with A(H5N2) LAIV did induce this cell-mediated immunity.[@cit0025]

Conclusion {#s0012}
==========

In summary, our study demonstrates that administration of A(H5N2) LAIV primes the immune system and leads to a crisp and strong immune memory response after A(H5N1) IIV boost given ∼1.5 years later. This finding is of special significance since the LAIV technology developed at the Institute of Experimental Medicine in St Petersburg has been licensed to WHO, through whom the vaccine has been provided to vaccine manufacturers in India, China and Thailand --- countries particularly vulnerable to a pandemic influenza. The results of our study will be useful to inform the development of vaccination strategies in these countries in the event of a pandemic. Thus, a well-characterized pandemic LAIV candidate can be urgently produced at the beginning of a pandemic to prime population before exact strain-matched vaccine formulations can be produced. In addition, our data on the establishment of immune responses to LAIV, which can be unmasked by subsequent administration of IIV, provide additional information on immune correlates to be potentially used for licensing new LAIVs. Furthermore, these data are likely to be reproduced to the pandemic LAIVs of other subtypes, such as influenza A(H7N3), A(H2N2), and A(H7N9). Finally, it will be of great interest to evaluate the prime-boost responses to seasonal vaccines and to examine how short an interval between prime and boost may be sufficient.
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###### Supplemental_Materials.zip

[^1]: 17/t/Tur (H5N2): A/17/turkey/Turkey/05/133 (H5N2) LAIV strain; NIBRG-23 (H5N1): A/turkey/Turkey/5/05 (H5N1) PR8-based candidate vaccine virus; Indo (H5N1): A/Indonesia/5/2005 (H5N1) PR8-based candidate vaccine virus; d/Pot (H5N2): A/17/duck/Potsdam/86/92 (H5N2) LAIV strain; Ab, antibody;

[^2]: Day 56 is counted relative to the first dose of IIV and corresponds to Day 28 after the second dose of the IIV;

[^3]: statistically significantly higher GMT values in the primed group compared to the control group are shown in bold (Mann-Whitney U test; p \< 0.05);

[^4]: statistically significantly higher proportions of subjects in the primed group compared to the control group are shown in bold (Fisher exact test, 2-tailed; p \< 0.05); see Supplementary materials for the exact P values (**Table S3**).

[^5]: 17/t/Tur (H5N2): A/17/turkey/Turkey/05/133 (H5N2) LAIV strain; NIBRG-23 (H5N1): A/turkey/Turkey/5/05 (H5N1) PR8-based candidate vaccine virus;

[^6]: statistically significantly higher GMT values in the primed group compared to the control group are shown in bold (Mann-Whitney U test; p \< 0.05);

[^7]: statistically significantly higher proportions of subjects in the primed group compared to the control group are shown in bold (Fisher exact test, 2-tailed; p \< 0.05).

[^8]: 17/t/Tur (H5N2): A/17/turkey/Turkey/05/133 (H5N2) LAIV strain; NIBRG-23 (H5N1): A/turkey/Turkey/5/05 (H5N1) PR8-based candidate vaccine virus; Ab -- antibody;

[^9]: number of subjects with seroconversion.

[^10]: AI -- avidity index (OD~450~ with urea / OD~450~ without urea × 100%).

[^11]: significantly higher rates in one group compared to another are shown in bold (p \< 0.05).

[^12]: ≥20 fold change compared to a baseline level (Day 0).
